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ADVANCE CONFIDENTIAL REPORT .

PROFI~iE-DRAG COEFFICIENTS OF CONVENTIONAL AND LOW-DRAG

AIR.5’OILSAS OBTAINED IN FLIGHT

By John A. Zalovcik

The results of flight lnvestiEations of the profile
drag of several carefully finished conventional and low-
drag airfolla are presented. Ths results indicated that
in all cases low~r prof~le-drag co6f’ficients were
obtained with tha low-drag tkn with the conventional
airfoils over ths rango of lift coefficient tested and
that, for comparable conditions of lift cosfficlent and
Reynolds number, the low-drag airfoils may have nrofile-
drag coefflcienta which are at least 27 percent lower
than the profile-drag coefficients of the conventional
airfoils.
#

INTRODVCTION

A number of flight investigations have been
conducted by the National Adv2soPy Committee i-or
Aeronautics during the past several years to determine
the profile drag of various conventional and low-dr~g
a~rfoils. The purpose of this report is to present
the principal results of these investigations in order
to provide information that may be of assistance in
judging the relative merits of conventional and low-
drag airfoils.

AIRTOILS TESTED

The various airfoils tested were the NACA 27-212,
NACA 55-215, NACA 66,2-2(14.7), NACA 64,2-(1.4)(13.5),
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NA’2A24L4,5, N-22, and two Republic S-3 sections, one
11 percent thick and the other 13 percent thick. These
two sections are designated Republic S-3,1.1and Repub-

?
l.icS- ,13 in this paper. Fligkt tests of the
FACA 6+,2-(1.J))(13.5) snd M9 ITACA2414.5airfoils are
renorted Sn references 1 End 2, respectively. The pro-
files of the a~.rfoils tasted are shown in figure 1.
The I?ACA27-212 and NACA 5~-215 ajri%il sections were
built into panels anound the wings of the airplanes on
which they were teghed. The others were sections of’
the actual wings o? t~,etest air~lanes, The arrangement
of the test na~els ar.dthe sqw?wise ~os~tlons of’the
wing sectlors tested sra 3Hosn,in plan form in figure 2.
l%e alrfoll designation ?MCA 64,2-(1.4)(13.5), which Is
the test section of’tke NACA-NAA (North Lmerlcan Avi&-
tion, Inc.) compromise law-draz win~, was based on the
maxtnmm thickness and cn ti~leprsssare-dis tiributlon
chai-acterlstlcs co.m~utcd from ‘he rnoasurad ordinatas
of the test sect~.on. Tha desl~ation NACA 66,2 -2(~.7)
was similarly determked.

Uhe NACA 2!;1)+.5,Republic S-3,11, Rep~lbllc S-3,13,
and N-22 soctlons may be clessttled as cor~,mntlor.al
alrfolls ant? the NACA 61,2-(1,~) (13.5), NACA 27-212,

2NACA 75-215, and NACA 6 ,2-2(1;+.7)sections, as lCW-
drag airfoils.

All the airi’oils tested w=ra carei%ll~ smoothed
and falrad to eliminate rmrceptible protu’~c:’ancqsdue
to rivets, skin floints,and access doors. Surface
waviness, however, was present to var:cus degrees on
tl.edifferent a.trfclls. SurFac9 waviness wns measured
bv ilse of a curvature gage of tilet~e shown in fig-
ure 3 on the urner surfhces of the NACA 35-215 and
?lep~lblicS-3,13 airfoils and on the upper and lower
surfaces of’the ?JACA6)+,2-(1.4.)(13.5),NAC.A66,2-2(4.7),
and ~epubllc S-3,11 airfoils. No waviness measurements
were obtatied for the other airfoils.

The curvatare-gage measurements on the NACA 35-215,
NACA 6~,2-(1.4_)(13.5), NACA 66,2-2(14.7), Republic S-3,11,
and ~epublic S-3,13 atrfoils were ~,ade ~ilth the legs
of the gage Sraced 1.2, 3.8, 4.(),)+.0, and 3.O percent
of thg section chord, respectively. h order to
present these measurements on a comparable basis, the
measurements on the NACA 35-215, W-CA 64,2-(1.4-)(13.5),
and Republic S-3,13 airfoils were reduced to values d
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that a gage would give If the legs were spaced 4.0 per-
cent of the section chord o. This reduotlon was made
to the first drder of approximation on the assumption
that the readings of a curvature gage were proportional
to the squnre of the leg spacing. The reduoed measure-
ments together with the measurements on the
NACA 66,2-Z(14.7) and Republic S-3,11 sections are
presented in figure 4 as plots of d\o Qgainst s\c,
where s is +J.edistance along the surface from the
leadlng edge. The dashed lines In figure 4 indicate
the approximate curvature-gage readings that would be
obtained If the surfaces were free of waviness.

It should be pointed out.that wing distortion
Ii’ltlightmay introduoe waviness oonslderably different
frcmfthat measured. This effect Is probably adverse
and may he expected to vary considerably with wing
construction.

Th3 destabilizing effect on the laminar boundary
laya~ due to waviness of a given magnitude increases
as the chordwise wlocity gradient becomes less favorable
(or more adverse ). The chordwise velocity distribution
for th~ Vartnus airfoils at a section lift coeffi-
cient cl of 0.20 ham therefore been included in
ftgure 4. The mlocity distributions were calculated
for the undistorted airfoil profiles by the method of
reference 3. The vulocity distributions are given as a
DlOt Oi” the ratto u/’co against s\c, where u Is
the local velocity outside the boundary layer and
U. is the free-stream velocity.

PROFILE DRAG

The profile-drag coefficients were evaluated from
wake surve s of the various airfoils by the method of

rreference + and compressibility correotlons were applied
as In reference 5. h figure 5 the seotion profile-
drag coefficients cd. and the corresponding Reynolds

numbers R are plotted against section lift coeffi-
cient G . The Mach numbers of the tests were less

5than 0.5 .

From figure 5 it may be seen that all the low-drag
airfoils gave lower profile-drag coefficients than the
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conventional airfoils over the range of lift coefflcieht
tested. The lowest profile-drag coefficient, a value
of’0.00)+0,was measured on the NACA 27-212 section at

f
a lift coef lcient of 0.28 end a Reynolds number
of 7.4 x 10 . The N.lCA27-212 airfoil, however, is net
considered a partic~~larly desirable airfoil bscause, as
ind!.catedby wind-tunnel tests, low dreg is cbtained
only oven a relatively small range of lift coef’i’~cient
and the pressure grad:ent utithG tralllng edge is
mn9cessarll

i
severs. A; Reynolds numbers in the range

from 15 x 10 to 20 x 100, ricw commonly encountered by
fighter-type alrcra$t, rrofile-:rag coefflc~ents
of 0.00!+5and 2.0052 wers r.ess:wed cn tileNLCA 66,2-2(14.7)
and NACA 64,2-(z.4)(z5.5) ~+.r#’oils,respectively. At
Reymolds n-umber’sfron 22 x lCO to 31 x 10~,a crofile-
drsg coefficient cf O.GQ]+~was ottalnea on ths
FACA 35-21.~ airi’oil.

The lowest profile-drag coefficient obtained on
the conventional VFIP.Ssections was 0.0062 aridwas
measu~ed on tha Repvbl:c S-5,11. Ths lowest Dr~~ile-
trag coefficients obtained cn the ether conventional
s=ctions were 0.0c67 For the Sapublic s-3,13 and 0.0066
fcr the NJCA 2!+l~.5. All tlhessv&.lueswere obtained at
low lift coe ficterts In the raage of Reynolds n-amber
froln15 x 10i to 20 ~ 106-. Cm “he N-22 section only
one value of profile-drag coef~iciei~t,C.03?C, was
obtained, which was at tha relatively high I.Aftcoeff)-
clent cf 0.5CJand khe low qeynolcisnumber of’4.4 x lW.

‘2heresults Yor th YACA 66,2-2(~.7) u.d Repub-
lic S-3,11 sections were ootainecl for t~.e.nostnecmly
comparab19 test ccmdltions - lihatis, lift coef~icient,
l?eyn~l?snumber, and wtng-surface preparation - and are
tl.ereforebest suited for the comparison of the nrofile-
drag characteristics of low-drw md conventional air-
foils . At a li~t coefficient of CJ.20and a Reynolds
number cf 16 x 106 the proftle-drag coefficients for
the NACA 66,2-2 14.7) amd Republic S-5,11 sections were

i0.dO~5 and 0.00 2, respectively. The Trofile-drag co9f-
tlclent of the NAcA 66,2-2(1]+.7) section is thus 0.0017,
or 27 percent, low9r than the profile-drag coofflcient
0? th3 Republic S-3,11 section.

~pl~blisl-ed tests !n the NACA two-dimensional low-
tl’rbulencepressure t-xmel of a soctlon apnroximatlng .
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the NACA 66,2-2’(14.7) indicated a profile-drag coeffi-
cient of 0.0034 at a lift oeffi.cient of 0.20 and a

zReynolds number of 16 x 10 . Similar tests .(unpubllahed)
of NACA 230-series airfoils Indicated a profile-drag
coeff’iclent of 0.0063 for an NACA 25011 section at a
lift coefficient of 0.20 and a Reynolds number

tof 9 x 10 . The Republic S-3 sections have pressure-
dlstribution characteristics that are very nearly those
of the lJACA2J0-series sections and may therefore be
expected to have the same drag characteristics. Inas-
much as the surfaces of the NACA 66,2-2(~.7) airfoil
tested in flight were carefull finished to give a very
low degree of waviness (figs. 1)(g and (h)), probably
comparable with that of the tunnel model, the con-
siderably greater drag measurad in flight as compared
with the vaiue obtained in tha tunnel is believed to be
due to an increase in surface waviness associated with
wing distortion under air loads. The better agreement
betwesn the flight and tunnel .“esultsfor tke conven-
tional sestions vay irdicate that the position of
transition is so far forward on these ssctlons that it
is not materially affectsd by an increasg in surface
waviness resulttvg from loads imposed on the wing in
flight .

CONCLUDING .R.ENARKS

The results of profile-drag teats of various
smoothed Qlrfoils indicated that in all cases lower
profile-drag coefficients were obtained on low-drag
airfoils than on conventional airfoils over the range
of llft coefficient tested. The results also indicated
that, for comparable conditions of lift coefficient and
Reynolds number, the low-drag airfoils may have profile-
drag coefficients which are at least 27 percent lower
than the profile-drag coefficients for the conventional
airfoils.

Langley Memorial Aeromutl cal Laboratory
National Advisory Committee for Aero~~tics.

Langley Field, Va.
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Figure 2.- Plan “forms of various wings of which tests
were made .
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Figure 4.- Concluded.
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Figure 5.- Comparison of profile-drag coefficients ob-
tained in flight on various conventional and low-drag
airfoils . Reynolds number for corresponding lift
coefficients given above .
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